Nondestructive assay (NDA) gamma spectroscopy techniques were used to measure 1341137Cs ratios on nine PuAl Mark 42 fuel assemblies. The purpose of the ratio measurement was to confirm theoretical burnup calculations. 134/137Cs ratios were determined from the measured activity based on corrected net peak area counts for the 605 keV peak from 134Cs and the 662 keV peak from 137Cs/137mBa. Assembly #2 134/137Cs ratio measured on 4-15-92 was 0.19. The measured 134/137Cs ratio was decay corrected to be 2.1 1 on 8-1-84 based on the half lives of 134Cs and 137Cs. The measured 1341137Cs ratio range was 1.90-2.14 for all nine assemblies. These measured values compare to a theoretical ratio of 1.7 on 8-1-84 determined by burnup calculations.
Introduction
Nondestructive assay of nine highly radioactive irradiated fuel assemblies was completed at the Radiochemical Engineering Cells (REC) located in the 324 Building at Pacific Northwest National Laboratory in Richland, Washington. The REC was chosen to conduct this work because of its ability to accomodate the high dose rates associated with these fuel assemblies. The four feet thick high density concrete cell walls provide more than adequate shielding. Remote handling equipment, manipulators, cutting equipment and experienced operating personnel were available and used for this project. The NDA effort was focused on obtaining total cesium contents of the fuel assemblies, and 1341137Cs ratios to confirm burnup calculations.
Measurement Plan

Fuel Assembly Positioning In REC
Gamma measurements were performed on nine Pu-A1 fuel assemblies, identified as numbers 2 through 10. As shown in Figure 1 , each assembly contains Pu02-AI fuel; with cladding, target-sleevehousing, and end fittings all made from Type 6063 aluminum. Each original assembly was cut into eight equal lengths of approximately fifty centimeters each. These sections were placed into separate 304L-SS canisters. Each canister was placed into a measurement rack which had five equidistant measurement positions along the vertical centerline of the fuel assembly section.
Collimators
The unattenuated gamma radiation emitted by a canister would overwhelm a gamma spectrometer, so dose rate reduction was required. This dose rate reduction was accomplished by inserting a collimator into a special access port in the cell wall, as shown in Figure 2 . The collimator design was based on the theoretical curie content of the fuel assembly and physical limitations such as the thickness of the cell wall. Overall physical dimensions of the access port are 137-cm long, 10-cm in diameter. A centered 2.5-cm diameter pipe was used as the initial collimator. Six collimator inserts were fabricated from 5.0-cm diameter stainless steel rods. Two of these collimators have 0.95-cm holes drilled along the centerline; two had 0.635-cm central holes; and two had no central holes (for use in background measurements). Each insert is 27.5-cm long, 2.5-cm in diameter for nine inches and stepped to 5-cm at the exterior end. This stepped design prevents possible radiation streaming effects at the collimator -insert interface. The collimator was back filled with steel shot. Alignment measurements were conducted on the collimator with all collimator inserts using a low power neon laser.
Measurement Equipment
The gamma ray spectra were obtained using a coaxial hyperpure germanium (HPGe) detector. Physical dimensions of the Ge crystal are 49.7 mm diameter, 54.7 mm length, with a 0.5 mm beryllium window. Performance specifications for this crystal are full-width-at-half-max resolution of 1.82 keV, peak-to-Compton ratio of 52/1 and a relative efficiency of 21.5% at the 1.33 MeV peak of 6oCo.
A cadmium filter was placed over the detector to prevent any neutrons emitted by the fuel from striking the detector. This cadmium filter was backed by a copper filter to shield against any x-rays created in the cadmium. Gamma ray spectra were acquired using a multichannel analyzer with a 100 M H z 4096/8 192 channel analog-to-digital converter. The acquired spectral data were transferred to a laptop computer.
The spectral data were then analyzed and subsequently archived on 3.5", 1.44 MB floppy disk.
Calibration And Measurement Control
Measurement system calibration was accomplished using a mixed standard of 50 pCi 137C.s and 20 pCi 6oCo. The standard was prepared from calibrated stock solutions. A uniform volumetric sealed source standard was required. A 2.5 cm high by 2.5 (tm diameter aluminum container was chosen to house the standard material. The standard solution was pipetted onto 2.2 g of aluminum oxide in the container and dried under a heat lamp. Resin was added and the mixture stirred until the resin started to gel. A screw cap was affixed to the top of the standard container and sealed with resin.
A series of measurements were taken at various distances from the standard, with and without the collimator, CD-CU filters and collimator inserts. These response measurements were taken at the cold side of the cell prior to collimator placement into the cell porthole.
Background measurements were taken with the 0.635 cm collimator insert on the hot side and the 0.635 cm and solid collimator inserts on the cold side. The shielded cell has an enhanced 137Cs background (-3 countshec) remaining from previous REC activities.
During the course of the assembly measurements, measurement control of the counting system was maintained by counting a 133Ba standard traceable to the national institute of standards and technology prior to each measurement session. Rate-loss correction was monitored using a 6oCo standard affixed to the HPGE detector housing. Counts on the 6oCo source between fuel canister changes provided continuous measurement control data. Cobalt-60 was an excellent correction source for this study since sources of 6oCo do not exist in the assembly.
Data Collection And Analysis
Gamma measurements on the assemblies were taken using the 0.635 cm (0.25") collimator inserts. There were eight, 50.8 cm long fuel sections per assembly. Each section was measured at five equidistant locations along the canister rack, as shown in Figure 2 . Counting eight canisters per assembly at five rack positions resulted in a total of forty measurements per fuel assembly.
Gamma spectra were acquired on the multichannel analyzer with specific regions-of-interest (ROIs) set up for the 605 keV gamma-ray of 134Cs, 661.6 keV gamma-ray of 137Cs/137mBa, and the 1332.5 keV gamma-ray from 6oCo (for rate-loss corrections). The ROIs were recorded on computer disk for each peak at each measurement location. The recorded spectrum for each measurement location was then analyzed using gamma-peak-analysis software to determine the activity of 134Cs, 137Cs and 154Eu.
The activity of an isotope in a sample is determined from the isotope net peak area corrected for container and matrix attenuation, branching ratio, and detector efficiency.
where Pkc = gamma-ray peak area corrected for container and sample attenuation (cts/s), BR = gamma-ray branching ratio, and E = detector efficiency at the gamma-ray energy of interest.
Container attenuation and sample absorption corrections are calculated using the following formulas: Pkc = Pk*CFcont*Cfsamp where Pk = net gamma peak area (cts/s), CFcont = container attenuation correction factor, and CFSmp = sample self-absorption correction factor.
The correction factor for the contaher attenuation is computed as follows:
where pcont = mass-attenuation coefficient of the container material at the energy of interest (cm2/g), pcont = density of the container (g/cm3), and q o n t = container thickness (cm).
The correction factor (Augustson & Reilly, 1974) for sample self-absorption for a slab sample is given by: where psamp = mass-attenuation coefficient of the sample at the energy of interest (cm2/g), psamp = density of the sample (g/cm3), and xsmp = sample thickness (cm).
Branching ratios, half lives, and gamma-ray energy data were taken from RADDECAY (Grove Engineering, 1987) . Data on the cladding and Pu02-AI thickness, as well as assembly densities are sensitive and will not be reported in this document. The pertinent data was incorporated into a spreadsheet and the correction factors determined.
A second approach was taken to determine an overall correction factor by direct measurement. Briefly, the technique (Morel, Chauvenet, Etchveny, 1987) can be used when there are multiple gammarays detected from the same isotope. Apparent activity can be calculated for each energy and plotted as a function of the inverse energy in MeV. The intercept of the plotted data is the "true" activity of the measured isotope. The intercept represents a gamma ray of infinite energy and therefore no gamma losses due to attenuation or absorption. Limitations attributed to this technique occur when you have low energy gammas and high density absorbers. Attenuation correction factors, using this technique, agree within 15% of the calculated correction factors. Table 1 lists the net peak area counts, corrected peak area counts, and rate loss correction factors for Assembly #2, the first assembly measured. Ratios for the two cesium radionuclides are listed by activity at the time of the measurements and also decay corrected back to the date when the fuel assembly was removed from the reactor. Figure 3 is a graphical representation of the net peak area counts for the 605 keV peak from 134Cs and the 662 keV peak from 137Cs/137mBa decay as a function of relative location along the fuel assembly for Assembly #2. Figure 4 is a plot of the activities at the time of the measurement (1 5,16-Apr-92). Figure 5 presents the activities at the time of removal from the reactor (01-Aug-84). Theoretical data suggests the 134/137Cs ratio from burnup calculations to be 1.7 for Assembly #2, which can be compared to the measured ratio of 2.1 1.
Results
Appendix A provides data listings of all measured assemblies in a format similar to Table 1 and Figure 5 . The data in Table 1 and Appendix A are used to produce the values in Table 2 , which lists the decay-corrected measured cesium ratios and curie contents for all nine Mark 42 assemblies. 
Conclusions
Nondestructive gamma assay, for cesium ratios, of PuAl fuel assemblies is a viable technique for determining fuel burnup. The agreement between the theoretical and measured cesium ratio is within 30%. This method is cost effective compared to radiochemical methods which require physical samples to be taken for analysis. 
Mark 42 Assemblies
Mark 42 Target Assembly #3 Assayed October 08,11 1993 324 Building C-Cell NDA Specialist DL Haggard Mark 42 Target Assembly #7 Assayed December 2 1,22 1994 324 Building C-Cell NDA Specialist DL Haggard
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